Broth cultures of Treponemu hyodysenteriue and colonic content from pigs with swine dysentery were tested for cytotoxicity in cell cultures, erythrocyte suspensions and in ligated segments of pig colon. Live cells of T. hyodysenteriue attached to the surface of cells in all cultures tested but did not penetrate them nor cause morphologic change detectable by light microscopy. Only live T. hyodysenferiue caused erythrolysis. Broth cultures or colonic content sterilized by filtration or by disruption with ultrasound had no visible effect on the cell cultures, erythrocyte suspensions or the mucosa of ligated colonic segments.
Lesions of swine dysentery were produced in ligated colonic segments of swine by inoculating the segments with broth cultures or colonic content containing large numbers of Treponema hyodysenteriae. The lesion resembled that found in response to mild irritants at the mucosal surface, and no evidence of obstruction to mucosal vascular perfusion was found [ 1 I]. The development and appearance of the typical lesion was considered to support the hypothesis that a bacterial, possibly treponemal, toxin is the principal mediator of the lesion. The purpose of this study was to examine the activity of cell free fluid derived from treponemal broth cultures or from colonic content of pigs with swine dysentery when inoculated into colonic segments, cell cultures or erythrocyte suspensions.
Materials and Methods
Ligated colonic segments were constructed as described [ I 11. Sixty-four segments in 15 weanling pigs were inoculated with suspected toxin prepared as follows:
T. hyodysenferiue were grown in trypticase soy broth [ 1 I] . Turbid cultures were rendered sterile by passage through a 0.22-micrometer membrane filter or by ultrasonic disruption. The fluid was checked for sterility by incubation on blood agar plates for 96 hours at 38" C in an atmosphere of 80% Hz, 20% Con. The culture extract was used unchanged or it was concentrated 25 times by lyophilization.
Colonic content from pigs with acute swine dysentery or from colonic segments with swine dysentery was centrifuged (27,000 relative centrifugal force for 45 minutes) and the supernatant fluid passed through a 0.45-micrometer membrane filter. Alternatively, the colonic content colonic segments with lesions of swine dysentery.
was passed through two layers of cheesecloth and was disrupted with ultrasound. All colonic content was cultured for Sulmonellu before filtration or disruption [ I 11 and any content found to harbor this organism was discarded. Control inoculum was sterile trypticase soy broth adjusted to a concentration equal to that in test inoculum or sterile filtered colon content from a healthy pig. Each segment was injected with test or control inoculum, usually 5 to 8 milliliters, until turgid. Segments inoculated with concentrated filtrate received 1 .O milliliter. The list of inocula and number of segments receiving each are given in table I. Pigs were killed 8 or 24 hours after inoculation. Pieces of each segment wall were fixed, processed and stained as described
Mucosal scrapings from each segment were examined for T. hyodysenreriue by darkfield microscopy. Similar inocula were used in the cell culture studies. 'l'he cell cultures used were 24-to 48hour monolayer cultures of swine buffy coat, swine testicle and HeLa cells in multiple-well plastic culture trays. The buffy coat cells are considered macrophages originating from blood monocytes [8] . Some cultures were grown on glass coverslips within wells or in Sykes-Moore chambers. The tissue culture medium was Eagle's minimum essential medium supplemented with 10% fetal bovine serum. Penicillin (100 units/ml) and streptomycin (100 pg/ml) were added to stock cultures but were withheld from media used in test cultures. Most cells were maintained at 37" C in 5% C o n atmosphere for about 24 hours or until there was looselyarranged monolayer. The growth medium was removed, the monolayer washed twice with sterile phosphate buffered saline and test inoculum then added. Test material was diluted with tissue culture medium and 0.25 milliliter of the mixture was added to each culture well. In some tests with live treponema, freshly transferred unattached cells were used to increase the opportunity for spirochete-cell collision.
Test inocula included: 1) one drop of broth culture (91 of T. hyodysenteriue; 2) treponemal broth cultures incubated for 24 or 96 hours and passed through a 0.22-micrometer membrane filter; 3) sonically disrupted broth cultures of T. hyodysenferiue; 4) sterile colon content from 12 unrelated pigs with acute, naturally occurring swine dysentery and content from colons or colonic segments from seven pigs with experimental swine dysentery [ I I]; and 5 ) serum from six pigs with acute swine dysentery. Broth culture derivatives were adjusted to pH 7.4 and were serially diluted with cell culture fluid to concentrations of 1.2 to 1:64. Colon content was centrifuged and the supernatant fluid sterilized by filtration [ I I] or by disruption with ultrasound. Efficacy of disruption was checked with darkfield microscopy. Colon content was serially diluted 1.5 to 1.80, and serum 1.5 to 1.40, with cell culture medium before addition to the cell monolayers. Negative controls for each test were sterile trypticase soy broth (inocula I, 2 and 3), sterile colon content from two healthy specific-pathogen-free pigs on the same diet as pigs with swine dysentery (inoculum 4) and serum from one healthy pig and one pig with acute catarrhal colitis caused by Trichuris suis (inoculum 5 ) . All tests were done at least in duplicate.
Because the lesion of swine dysentery is the result of rapidly developing mucosal cell necrosis, cultures were examined for cytopathic effect 2, 4, 8 and 24 hours after inoculation. Cell viability was determined by adding 0.2% trypan blue to representative monolayer cultures. Alterations in cell morphology and spirochete-cell interactions were evaluated by observation of live cultures in Sykes-Moore chambers or on inverted coverslips with phase contrast microscopy and by examination of formalin-fixed monolayers on coverslips after staining with hematoxylin and eosin (HE) or Warthin-Starry silver.
In addition to morphologic studies of spirochete-host cell interaction, the possibility that association with mammalian cells prolonged spirochetal survival under aerobic conditions was ' Count from all cells harvested from tissue culture flask.
bovine blood agar.
assayed by a bacteriologic culture technique in triplicate. One drop of a 24-hour broth culture of T. hyodvsenteriue was added to HeLa cell monolayer cultures. A drop of broth containing Salmonella 1,vphimurium was added to other cell culture wells and served as a positive control (cell invasion). After 2-, 8-and 24-hour incubation at 37" C in 5% COa, the medium and cell monolayer were separated and each was cultured for T. hyodysenteriue by layering on 5% bovine blood agar plates. The supernatant medium was cultured directly, but the monolayer was washed twice with sterile cell culture medium and twice with sterile 0.85% saline before the cells were dispersed by treatment with 0.05% trypsin-0.28 versene mixture. Two drops of fetal bovine serum were added to inactivate the trypsin. The dispersed cells were suspended in 1.0 milliliter sterile water to lyse the cells. After about 20 minutes. 0.1 milliliter of the suspension was spread evenly on a blood agar plate. Each plate was incubated anaerobically in 80% H. . 20% CO-, for 72 hours at 38" C and then examined for T. h~odwwferiae. The number of cell-associated salmonellae after 24 hours was similarly determined except that cell suspensions diluted to lo-" were incubated aerobically for 24 hours. I n virro hemolysis was investigated by adding spirochetal or colonic preparations to 20% suspensions of washed bovine or porcine erythrocytes in 2 milliliters sterile 0.859 saline. Test inocula were 0.5-milliliter aliquots of broth culture containing live T. h~~v~vxenreriae. broth culture filtrate (passed through a 0.22-micrometer filter), and supernatant from colons also rendered cell free by passage through a 0.22-micrometer filter. Test material was added to each erythrocyte suspension. the tubes gently agitated and then incubated at 37" C for I hour.
After I hour each tube was examined for hemolysis and then placed at room temperature for 24 hours before a second examination. Each inoculum was tested in duplicate. One half milliliter of an 18-hour broth culture or filtered culture supernatant of hemolytic E. coli isolated from a suckling pig with diarrhea was the positive (hemolysis) control.
Results
There was no difference between segments inoculated with the various test inocula and those inoculated with sterile broth or normal colon content. Occasionally a segment contained a small amount of clotted blood or had mild histologic changes attributable to the surgical manipulation [ I I].
In the cell culture assay system (table 11) the cells of T. hyodysenteriae adhered to the surface of all cell types tested ( fig. 1 ). As seen with the phase contrast microscope, attachment seemed the result of chance collision between a motile spirochete and a cell. Nonmotile cells of T. hj*od\:renteriue drifted into collision with tissue culture cells but did not adhere. During a 3-hour observation period with phase contrast microscopy the attachment was not reversed. Bacterial adherence persisted through repeated washings in saline, formalin, alcohol and xylene during histologic preparation. The use of freshly transferred (unattached) tissue culture cells greatly increased the frequency of spirochetal attachment to cells over that seen with 24-hour monolayers. In some preparations spirochetes were adhered to every cell. There was no effect on cell morphology. There was no change in the density of the monolayer and no increase in the uptake of trypan blue at any examination interval.
No cellular penetration by T. hyodysenferiue was seen with light, phase contrast or darkfield microscopy. Conversely, many S. fyphimurium were within HeLa and buffy coat cells 4 hours after inoculation. Bacteriologic culture of monolayer cell and the tissue culture fluid (table 111) did not show survival of T. hyodysenteriue in association with the cells beyond that which occurred in the supernatant fluid (less than 24 hours). The mean number of cell-associated salmonellae was 1.8x lo3.
Spirochetal broth cultures sterilized by ultrasound or by filtration were not cytotoxic. Sterile colonic supernatant fluid from both healthy and diseased pigs caused necrosis only at the minimum dilution of 1 5 . Serum from pigs with acute swine dysentery was no more toxic to the cell cultures than serum from healthy pigs (table 11) .
Only live T. hyodysenferiue and either live cells or culture supernatant of E. coli caused lysis of bovine and porcine erythrocytes. Other dysentery-related material produced no hemolysis after I hour or 24 hours (table IV) .
Discussion
The failure to demonstrate toxic activity by cell free derivatives of spirochetal broth cultures or colonic content from pigs with swine dysentery may have one of several explanations. The simplest explanation is that no cytotoxin is produced in the colon of pigs with swine dysentery. Alternatively, a cytotoxin may exist but either the toxin did not persist in our test materials or our assay systems were not suitable for its detection. The failure to demonstrate a toxin in supernatant fluid or sonically disrupted whole cultures of T. hyodysenteriae could be explained by the lack of suitable substrate for toxin production. It is also possible that the elaboration of the postulated toxin requires the interaction of several members of the pigs' colonic flora [ I , 2, lo]. The failure to detect a toxin in derivatives of colonic content from pigs with swine dysentery cannot be explained so readily. If a toxin exists, it may be active only in the context of intimate association between large numbers of bacteria and colonic enterocytes. Thus bolus administration of toxin into a ligated colonic segment or in tissue culture may not provide the concentration or persistence of toxin necessary for toxic effect at the surface of the susceptible target cells. The toxin, be it an actual toxin molecule or merely the cumulative influence of altered pH, redox potential or other environmental changes caused by an abnormal microbial population, may be inactivated rapidly outside the short diffusion range between bacteria and enterocyte.
If the results of this study do not prove the existence of a dysentery toxin, neither do they support the argument for cell invasion as the mechanism of mucosal necrosis. Examination of cell culture by light microscopy and by bacteriologic culture did not demonstrate penetration of cells by T. hyodysenteriae. While it can be argued that such an in vitro test is not a valid assay for cellular invasiveness in vivo, invasion of HeLa cells in particular has been used as a valid determinant of in vivo invasiveness for Salmonella and Shigella [ 5 ] among enteric pathogens and for Treponemapallidum [4] and several Leptospira [ 3 ] among bacteria closely related to T. hyodysenteriae. An additional argument against cell penetration as the mechanism of enterocyte destruction is the lack of lesions in the colons of gnotobiotic pigs colonized with T. hyodysenteriae [ I , 2, lo]. Even in conventional swine the lesion is restricted to superficial epithelium although the organism is found throughout the crypt [6, 71, an observation difficult to reconcile with the theory of cellular penetration. If the necrosis of swine dysentery is in response to a locally acting labile toxin, the superficial location is easier to explain. It is proposed that the toxin reached pathogenic concentration only near the mucosal surface which experiences the greatest overgrowth of bacteria [6, 71, including T. hyodysenteriae.
